Abstract. Continuous erythropoietin receptor activator (C.E.R.A.) is an innovative erythropoiesis-stimulating agent with unique erythropoietin receptor activity and a prolonged half-life. C.E.R.A. is currently in development for the correction of anemia and stable hemoglobin (Hb) control at extended administration intervals in patients with cancer who are receiving chemotherapy. The purpose of this pharmacological study was to evaluate the pharmacokinetic (PK), pharmacodynamic (PD) and safety profiles of C.E.R.A. administered subcutaneously once every 3 weeks (Q3W) in lung cancer patients with anemia induced by chemotherapy. This open-label, multicenter study recruited 46 patients. Entry Hb levels were not more than 11.0 g/dl. Five dose levels of C.E.R.A. (2.1, 4.2, 6.3, 9 and 12 µg/kg) were tested in sequential cohorts of 8-11 patients for 12 weeks. The mean values for C.E.R.A half-life ranged from 143 to 247 h. The maximum serum concentration (C max ) following the first administration of C.E.R.A. increased in proportion to the dose. The increase of Hb levels occurred in a dose-dependent manner. No serious adverse events reported as being related to C.E.R.A. were observed during the study period. Thrombovascular events were not observed in any patient. Anti-C.E.R.A antibodies were not detected in any patient. Thus, this pharmacological study confirmed the long half-life of C.E.R.A., thereby supporting subcutaneous administration of C.E.R.A. at the Q3W interval. PK and PD parameters demonstrated dose-proportionality over the range of doses tested in this study. Additionally, C.E.R.A. was generally well tolerated.
Introduction
Erythropoiesis-stimulating agents (ESAs) are commonly used to treat chemotherapy-induced anemia. The administration of these agents has been shown to be effective for treating anemia in patients who undergo chemotherapy. These agents are effective as they increase hemoglobin (Hb) concentrations and reduce or eliminate the need for red blood cell (RBC) transfusions, thus improving quality of life (QoL) (1) (2) (3) . In anemic patients with cancer, ESAs were initially administered 3 times weekly, a schedule that had already proved effective in patients with renal anemia (4, 5) . Once-weekly (Q1W) administration with all ESAs has become the preferred treatment modality (6, 7) . Darbepoetin α has also been licensed for use once every 3 weeks (Q3W) in cancer patients with chemotherapy-induced anemia (8) . Continuous erythropoietin receptor activator (C.E.R.A.) is an innovative agent with a prolonged half-life compared with that of epoetin α and epoetin β in healthy volunteers, and darbepoetin α in patients with peritoneal dialysis (9) . C.E.R.A. is a chemically synthesized continuous erythropoietin receptor activator that differs from erythropoietin through the integration of amide bonds between amino groups and methoxy polyethylene glycolsuccinimidyl butanoic acid (10, 11) . It has been developed to provide correction of anemia and to control Hb levels at extended administration intervals in patients with CKD on dialysis and not on dialysis (9) . Moreover, C.E.R.A. is currently in development for the correction of anemia and stable control of Hb levels at Q1W and Q3W administration intervals in cancer patients with chemotherapy-induced anemia. In preclinical studies and studies in healthy subjects, C.E.R.A. had a lower systemic clearance and an increased elimination half-life compared with conventional ESAs, and superior potency in vivo with respect to the magnitude and duration of response (12, 13 ). An exploratory Phase I-II dose-escalation study in anemic patients with multiple myeloma receiving myelosuppressive chemotherapy confirmed the long half-life (14) . Moreover, two Phase II dose-finding studies were carried out in anemic patients with aggressive non-Hodgkin's lymphoma and advanced non-small cell lung cancer (NSCLC) receiving myelosuppressive chemotherapy (15, 16) . A dose-dependent increase in Hb response was observed with C.E.R.A. doses up to 6.3 µg/kg when administered Q3W by SC injection. Notably, there was a trend to higher mean Hb increases and lower transfusion use in the Q3W groups as compared to the Q1W groups with respect to the NSCLC study. However, further dose-finding studies that use higher doses and allow dose escalation are required to determine the optimal C.E.R.A. Q3W dose regimen was administered in anemic cancer patients receiving chemotherapy as a limited effect was obtained even at the highest dose level of 6.3 µg/kg used in aggressive non-Hodgkin's lymphoma (15) and advanced non-small cell lung cancer (NSCLC) (16) . Additonally, with regards to safety, neither dose-dependence in adverse events nor dose-limiting toxicity was observed at the dose level of 8.0 µg/kg (14) .
This multicenter, open-label study was designed to evaluate the pharmacokinetic (PK)/pharmacodynamic (PD) properties and safety of five different dose levels of C.E.R.A. administered subcutaneously Q3W for up to 12 weeks in Japanese lung cancer patients with anemia induced by myelosuppressive chemotherapy.
Patients and methods
Patients. A total of 47 adult patients, aged ≥20 and <80 years at the time of registration, were recruited based on the following criteria: patient is diagnosed with lung cancer by tissue or cytological examination, receiving cyclic chemotherapy for ≤4 weeks as 1 cycle, and capable of undergoing chemotherapy within 3 days following the start of administration of the investigational medication. Patients were also required to have Hb levels ≤11.0 g/dl at the registration examination, a life expectancy of ≥4 months, Eastern Cooperative Oncology Group (ECOG) performance status grades of 0-2, a satisfactory mean corpuscular volume (MCV), and to meet transferrin saturation (Tsat), hepatic and renal function criteria [MCV 80 fl or higher, transferrin saturation [{Fe/ (Fe + UIBC)}x100] of 15% or higher, total bilirubin value in serum: ≤2.0 mg/dl, AST [GOT], ALT [GPT]: 80 IU/l or lower, serum creatinine value: <2.0 mg/dl]. Exclusion criteria included transfusion within 4 weeks prior to the planned start of administration of the investigational medication; severe hypertension uncontrollable by pharmaceutical products; marked hemorrhagic lesions possibly affecting evaluation in the clinical study or presence of serious complications; pregnant or nursing women, who were premenopausal and tested positive for pregnancy in a pregnancy test; expression of lack of intention to use contraception; history/complication of cardiac infarction, pulmonary infarction or cerebral infarction (excluding asymptomatic cerebral infarction); and serious medication allergy including anaphylactic shock. Patients recruited had not received treatment with ESAs within the 4 weeks prior to registration. The design and conduct of the study complied with the ethical principles of good clinical practice, in accordance with the Declaration of Helsinki. The study was approved by an independent institutional review board at each cancer center, and all 47 patients provided written informed consent prior to enrollment.
Study medication. Three separate strength vials were available (200, 400 or 1000 µg/ml), each containing a 1 ml solution of C.E.R.A.
Study design.
This was an open-label, multicenter, clinical pharmacology study that involved SC injections of C.E.R.A. over a 12-week treatment period, and a follow-up period for 3 weeks following the last administration of C.E.R.A. Patients were assigned sequentially according to increasing dose rotations to one of five groups, receiving C.E.R.A. at 2.1, 4.2, 6.3, 9 or 12 µg/kg. This was administered Q3W by SC injection for 12 weeks. If Hb levels recovered to >13.0 g/dl, treatment was discontinued. Chemotherapy and radiotherapy were used concomitantly during the period from the day of starting administration to the time of the last observation. Blood transfusions were performed concurrently in patients who did not show improvement in anemia and were judged clinically to require blood transfusion. Oral iron supplementation was administered daily during the administration period of the study medication if MCV was <80 fl or Tsat was <15%. Blood samples for detection of the C.E.R.A. antibody were collected prior to the first administration and within a maximum of 50 days following the final administration.
Serum assay. To determine PK parameters, blood samples were collected immediately prior to and 1, 8, 15, 22, 23-26, 27, 29, 32, 36, 43, 64 and 85 days following the initial administration of C.E.R.A. To investigate concentrations over time, samples were also collected immediately prior to the administration of each dose. Blood samples were allowed to stand at room temperature for 30 min and were then centrifuged at 4˚C and 3,000 rpm for 10 min to separate the serum. The resulting serum was stored below -20˚C until used for the measurement of serum C.E.R.A. concentrations. Serum concentrations of C.E.R.A. were measured by a validated enzyme-linked immunosorbent assay using a primary monoclonal antibody specific to C.E.R.A. that did not cross-react with endogenous erythropoietin, and a secondary polyclonal anti-immunoglobulin antibody coupled to horseradish peroxidase (Huntingdon Life Sciences, Alconbury, UK). The assay range was 150 to 4000 pg/ml. The inter-batch assay precision was 7.8 to 11.4%, and accuracy was -7.8 to -6.6%. The assay is specific to C.E.R.A. and does not detect human erythropoietin, and human erythropoietin does not interfere with the assay.
Pharmacokinetic analyses. Serum concentrations of C.E.R.A. were used to determine the maximum serum concentration (C max ) and time to maximum serum concentration (T max ). The t 1/2 was estimated for ln(2)/k, where the rate constant of elimination (k) was determined by linear regression of the logarithm of the serum concentration vs. time data in the post-distribution phase. The area under the concentration-time curve (AUC) following C.E.R.A. administration, from predose on day 22 until the last sampling time at which the concentration was measurable (day 43), was estimated by the linear trapezoidal rule.
Pharmacodynamic analyses. The PD parameters involved the change in Hb from the nadir value. The change in the Hb level from the nadir value was calculated by subtraction of the nadir value over the period weeks 1-4 from the Hb value at week 7. The increase in Hb produced by C.E.R.A. administration was estimated to occur over the 4 weeks following first administration of C.E.R.A. and certain patients were withdrawn from the study after 6 weeks (17) . Moreover, to estimate the increase of Hb caused by C.E.R.A., the effect of chemotherapy on Hb was removed. Therefore, to evaluate the effect of C.E.R.A. on Hb levels, the change in Hb was calculated between the nadir values from weeks 1-4 and the values at week 7.
Safety. Safety endpoints included adverse events, clinical laboratory tests, vital signs, body weight, physical examination and ECGs. The intensities of adverse events and laboratory values were graded according to the National Cancer Institute/Common Terminology Criteria for Adverse Events v3.0 (CTCAE).
Statistical analysis. Mean, standard deviation, and the coefficient of variation of the PK parameters were calculated for each treatment. Mean, standard deviation, median, range and standard error are provided per day for Hb levels. Descriptive statistics were calculated using SAS (version 9.1.3). Figures were prepared with S-Plus (version 8.1).
Results

Patients.
A total of 47 lung cancer patients were enrolled (Fig. 1) . Treatment of one patient assigned to the 9 µg/kg dose group was discontinued due to the development of ileus prior to the first administration. The remaining 46 patients were treated with each dose of C.E.R.A. and were included in the safety populations. In total, 46 patients completed the study treatment period. However, one patient assigned to the 6.3 µg/ kg dose group and two patients assigned to the 9 µg/kg dose group were excluded from the PK and PD analyses due to defects in the study medication, which included vial blistering and contents out of specification. The remaining 43 patients were included in the analysis of full analysis set and per protocol set populations. However, one patient in the 12 µg/ kg dose group was excluded from the data analysis following week 7 due to a defect in the medication vial. Doses were held for a total of 25 patients. Consequently, these patients were not administered the full four doses of the study medication during the 12-week period. The reasons for discontinuation of the study medication were progressive disease, Hb levels >13 g/dl, Hb level elevation of ≥2.0 g/dl from previous treatment to next treatment and termination of concomitant chemotherapy.
Baseline characteristics and demographics are shown in Table I . Patients had received chemotherapy prior to the start of this study. A total of 11, 13, 25, 18 and 10% of patients had undergone surgery and 33, 50, 13, 18 and 20% of patients had undergone radiotherapy in the 2.1, 4.2, 6.3, 9 and 12 µg/kg dose groups, respectively. Median Hb levels ranged from 8.9 to 10.5 g/dl across all dose groups. The values for iron parameters in the 9 and 12 µg/kg dose groups at baseline were lower than those in the 2.1, 4.2 and 6.3 µg/kg dose groups.
Patients received at least one chemotherapy cycle within 3 days following the initial C.E.R.A. administration, which was most commonly platinum-based chemotherapy (the percentage of carboplatin or cisplatin treatments: 78, 63, 43, 78 and 40% in the 2.1, 4.2, 6.3, 9 and 12 µg/kg dose groups, respectively). Other common chemotherapies included amrubicin hydrochloride (11, 13, 29, 0 and 60% in the 2.1, 4.2, 6.3, 9, and 12 µg/kg dose groups, respectively) and docetaxel hydrate (11, 25, 29, 22 and 0% in the 2.1, 4.2, 6.3, 9 and 12 µg/kg dose groups, respectively) (Table II) .
Overall, 22 patients received oral iron therapy. The percentage of patients receiving concomitant oral iron supplementation was higher in the 9 and 12 µg/kg dose * One patient did not receive study medication for the development of ileus. ** One patient allocated to the 6.3 µg/kg dose group and two patients allocated to 9 µg/kg dose group were excluded from the data analyses caused by the defect of medication vials.
*** One patient in the 12 µg/kg dose group was excluded from the data analyses following week 7, caused by a defect in medication vials. Table I In only one patient, the measurement was missed at baseline.
C.E.R.A. dose group (µg/kg Q3W) ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
C.E.R.A. dose group (µg/kg Q3W) ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
b Platinum-based combination chemotherapy with the exception of taxanes.
groups (89 and 50%, respectively) compared with the 2.1, 4.2 and 6.3 µg/kg dose groups (33, 38 and 43%, respectively) (Table II) .
Pharmacokinetic analyses. Serum C.E.R.A. concentrationtime profiles from weeks 1-13 are shown in Fig. 2 . PK parameters were estimated following the second dosing and the correlation between dose and C max was estimated following the initial dosing. PK parameter values are shown in Table III . Serum concentrations of C.E.R.A. following the second administration in the 2.1, 4.2, 6.3, 9 and 12 µg/kg dose groups reached C max at 119 to 167 h (mean); the drug was then eliminated with half-lives (t 1/2 ) of 143 to 217 h, respectively (median). T max values were similar among the dose groups. T 1/2 values were shown to be high across the dose groups and appeared to show no major differences among the dose groups. AUC inf in the 2.1, 4.2, 6.3, 9 and 12 µg/kg dose groups were 4060±2380, 12000±5580, 16100±7220, 30100±12500 and 23400±8080 ng•h/ml, respectively. C max values were 9.09±5.26, 27.4±7.63, 38.9±13.9, 84.6±36.0 and 47.8±14.3 ng/ml, respectively.
Exposure (AUC inf , C max ) was increased in proportion to the dose from the 2.1 µg/kg to the 9 µg/kg dose groups. On the other hand, no such increases were observed between the 9 µg/kg and 12 µg/kg dose groups. The 95% confidence interval for the y-intercept of the regression line between dose and C max was 0 (zero) (Fig. 3) . Photodynamic analyses. The change in Hb levels from the nadir value over the period weeks 1-4 to week 7 values is shown in Fig. 4 . The changes in Hb levels were above 0 (zero) in the dosing groups and the slope between the dose of C.E.R.A. and the change in Hb was greater than 0 (zero) (Fig. 4) .
Safety and tolerability. Q3W administration of C.E.R.A. was generally well tolerated across the dose groups. All of the patients reported at least one adverse event. Most adverse events were those expected in cancer patients receiving chemotherapy, and none occurred in a manner dependent on the C.E.R.A. dose. The percentage of patients reporting adverse events in which a causal correlation with the study medication cannot be completely excluded were 89, 75, 88, 64 and 40% in the 2.1, 4.2, 6.3, 9 and 12 µg/kg dose groups, respectively. The most common adverse events (incidence rate ≥10%) related to the study medication were potassium increase (17%), neutrophil decrease (13%), WBC decrease (11%), diarrhea (11%), constipation (11%) and headache (11%). A total of 10 patients experienced grade 3-4 adverse events related to the study treatment including WBC decrease, febrile neutropenia, neutrophil decrease, Hb decrease, platelet decrease, lymphocyte decrease, potassium increase and sodium decrease (Table IV) . No clinically significant changes occurred from baseline in laboratory values and vital signs during the study period in the dose groups, or dose-dependent correlations with increased blood pressure. One patient in the 6.3 µg/kg dose group experienced grade 2 hypertension possibly associated with C.E.R.A. treatment from the 1st to the 14th day of the second administration. An antihypertensive medication was administered following the onset of hypertension. Blood pressure was then stabilized. Serious adverse events were observed in one patient from each of the 4.2 and 6.3 µg/kg dose groups, and three patients in the 12 µg/kg dose group. Serious adverse events were evaluated as not related to the study medication.
Thrombovascular adverse events were not observed. Withdrawal of one patient in the 12 µg/kg dose group was attributed to disease progression and no mortality was reported during the study period. Moreover, no anti-C.E.R.A. antibodies were detected in any of the patients.
Discussion
Anemia is a frequent complication in patients with lung cancer who are administered chemotherapy (18, 19) . Anemia has a profound impact on QoL, with fatigue being one of its common symptoms (20) (21) (22) . Furthermore, the widespread use of platinum-based chemotherapy contributes further to the development of anemia in patients with lung cancer (23) .
C.E.R.A. is a chemically synthesized continuous erythropoietin receptor activator with a prolonged serum half-life that has been shown to be safe and effective for the treatment of chemotherapy-induced anemia when administered using Q1W or Q3W administration schedules (16) . This is the first study to examine the PK, PD and safety profiles of C.E.R.A. treatment subcutaneously Q3W in Japanese patients with lung cancer and anemia induced by chemotherapy. This study demonstrated that C.E.R.A. subcutaneously administered to Japanese lung cancer patients showed exposure in accordance with dose increase and a long half-life. Exposure (AUC inf , C max ) following second administration increased with dose proportionality in the 2.1 to 9 µg/kg dose groups. On the other hand, exposure was not increased across the 9 to 12 µg/ kg dose groups. The reason for this non-linearity between dose and exposure may be due to the small number of patients, the verification of patient characteristics at baseline and the fact that the information was limited. It was considered to be reduced bioavailability from the SC injection site in the 12 µg/ kg dose group, as the T max values (an indicator of SC absorption rate) were similar among the dose groups and the t 1/2 values (indicator of elimination rate) also showed no major differences among the dose groups. A similar phenomenon was observed following SC injection of epoetin β (24) . Nakagawa et al reported that C max and AUC inf following SC injection of epoetin β to lung cancer patients increased with dose-proportionality from the 9000 to 36000 IU dose groups and were similar between the 36000 and 54000 IU dose groups (25) . These authors also suggested that declining bioavailability of epoetin β at higher doses is partially due to absorption following SC injection of this drug into the lymphatic system (26) . The same mechanism may explain the reason for non-linearity between the dose of C.E.R.A. and levels of exposure, but further studies are required to clarify this non-linearity. Median values for t 1/2 ranged from 143 to 217 h in this study. These results showed that the values for t 1/2 of C.E.R.A. were prolonged by 5-10 times compared with those reported for epoetin β in patients with lung cancer (24,25) or 2-4 times compared with those reported for darbepoetin α in patients with cancer (27) .
Agoram et al suggested that the platinum-containing chemotherapy cycle count affected the clearance of darbepoetin α (28) ; thus, the PK parameters following the initial administration of C.E.R.A. were assessed to estimate the parameters under the same conditions of chemotherapy. Following the first C.E.R.A. administration, C max showed dose-proportionality as the 95% confidence interval for the y-intercept of the regression line between dose and C max was 0 (zero) (Fig. 3) . These results suggested linear PKs of C.E.R.A. following SC administration, above the range of 2.1 to 12 µg/kg.
In addition, changes in Hb levels from the nadir value over the period weeks 1-4 to week 7 values were observed (Fig. 4) . The change in Hb levels was above 0 (zero) in all dose groups and the slope of the line relating dose of C.E.R.A. to the change of Hb was over 0 (zero). These results suggest that the SC administration of C.E.R.A. above the range of 2.1 to 12 µg/kg Q3W increased Hb levels in these patients and these increases were somewhat dose-dependent. The Hb responses supported results previously observed in studies with C.E.R.A. in cancer patients following SC Q3W administration (15, 16) . Furthermore, the responses observed at doses of 9 and 12 µg/kg do not appear to have previously been reported.
All 46 patients receiving C.E.R.A. administration at least once were included in the safety analyses. C.E.R.A. was generally well tolerated across the dose groups, with adverse events that may be expected for patients with lung cancer receiving chemotherapy (e.g., neutrophil decrease), and these were similar to those reported for epoetin β (24) . The most common adverse events were those expected in a cancer population receiving chemotherapy. Adverse events reported with regards to the study medication were observed in 32 (69.6%) patients. C.E.R.A. did not appear to have any adverse effects involving occurrence of thrombovascular events.
In conclusion, the dose proportionality observed regarding the PK and PD profiles and the good tolerability and safety profile in this study involving a small number of patients with lung cancer suggested that extended Q3W administration intervals are feasible in the clinic. However, further dosefinding studies may be required to determine the optimal C.E.R.A. dose regimen at Q3W in cancer patients with anemia induced by chemotherapy.
